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BIOPHYSICS

Channel width modulates the permeability of DNA
origami-based nuclear pore mimics

Qingzhou Feng1'2, Martin Saladin3, Chunxiang Wu*, Eason Cao'?, Wei Zheng4, Amy Zhang1'2,
Pushpanjali Bhardwaj", Xia Li"?, Qi Shen"?* LarisaE. Kapinoss, Toshiya Kozai>?,
Malaiyalam Mariappan"z, C. Patrick Lusk’, Yong Xiong4, Roderick Y. H. Lim3?, Chenxiang Lin

Nucleoporins (nups) in the nuclear pore complex (NPC) form a selective barrier that suppresses the diffusion of
most macromolecules while enabling rapid transport of nuclear transport receptor (NTR)-bound cargos. Recent
studies have shown that the NPC may dilate and constrict, but how altering the NPC diameter affects its selective
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barrier properties remains unclear. Here, we build DNA nanopores with programmable diameters and nup ar-
rangements to model the constricted and dilated NPCs. We find that Nup62 proteins form a dynamic cross-
channel barrier impermeable to hepatitis B virus (HBV) capsids when grafted inside 60-nm-wide nanopores but
not in 79-nm pores, where Nup62 cluster locally. Furthermore, importin-p1 substantially changes the dynamics of
Nup62 assemblies and facilitates the passage of HBV capsids through the 60-nm NPC mimics containing Nup62
and Nup153. Our study shows that transport channel width is critical to the permeability of nup barriers and un-
derscores NTRs' role in dynamically remodeling nup assemblies and mediating the nuclear entry of viruses.

INTRODUCTION

Nuclear pore complexes (NPCs)—massive (~50 to 120 MDa) pro-
tein channels spanning the nuclear membranes—control molecular
transport between the nucleus and cytoplasm (1, 2). In an NPC,
hundreds of nucleoporins (nups) containing unstructured Phe-Gly
(FG) domains densely decorate a central channel (also known as the
central transporter) as narrow as ~40 nm. These spatially confined
FG-nups generate a diffusion barrier that prevents inert molecules
larger than a few nanometers (~40 kDa) from freely crossing but
allows nuclear transport receptors (NTRs) to rapidly ferry cargos up
to tens of nanometers in size (several megadaltons). The exact phys-
icochemical state of the FG-nups in the NPC is still under debate
and has been depicted as a hydrogel (3, 4), polymer brush (5, 6), and
phase-separated liquid droplet (7). Nevertheless, the multivalent
and transient nup-nup and nup-NTR interactions have long been
recognized as the key contributors underlying the NPC’s function
as a selective barrier (8-11). In recent years, the structural flexibil-
ity of the NPC has been increasingly appreciated via in cellulo
cryo—electron tomography, demonstrating central channels with
diameters ranging from ~40 to 70 nm depending on the cell state
(12-14). These structural studies raise the notion that the width of a
nuclear pore may modulate its barrier function.

In addition to the central role the nucleocytoplasmic transport
machinery plays in maintaining the life cycle of healthy cells, it is
also exploited by viruses to deliver viral genomes to the nucleus of
infected cells (15). A common strategy viruses use is to disguise
their capsids—the major structural component of the virus core—
as cargos for nuclear transport. To achieve this, virus capsids incorpo-
rate nup-binding features to directly engage with NPCs (e.g., HIV-1)
(16-19) and/or display sequences that recruit NTRs to mediate their
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nuclear import [e.g., hepatitis B virus (HBV)] (19). Notably, nearly
intact capsids of certain viruses (such as HIV-1 and HBV) can cross
the NPC (20, 21). With the widths (30 to 65 nm) of these virus cores
approaching that of the NPC’s central channel, we consider the pos-
sibility that dilated nuclear pores are preferred or even required for
the transport of such ultralarge foreign objects.

The challenges to deterministically manipulate the NPC struc-
ture and function have made it difficult to establish a clear-cut cor-
relation between the central channel width and NPC permeability.
Because of the structural complexity of the NPC and the functional
redundancy of FG domains, there remains no obvious way to ma-
nipulate the NPC diameter genetically. Structures of NPCs derived
from purified nuclear envelopes are in a constricted state (22). By
contrast, biomimetic nanopores can be built with predefined geom-
etry and nup composition while recapitulating the NPC’s basic bar-
rier and transport functionalities (23-27). Promisingly, a recent
study showed that the transport selectivity of FG-nup-functionalized
solid-state nanopores diminishes with increasing diameter beyond
55 nm (28). However, the permeability of the NPC mimics in this
study was established using relatively small proteins (<100 kDa).
Furthermore, the distribution of FG domains as a function of pore
diameter was not experimentally probed. In a separate study, we
showed a minimal width requirement for insertion of HIV-1 capsids
deep into DNA origami-based NPC mimics (termed NuPODs for
nups organized on DNA) (29). However, such a requirement was
attributed to size compatibility (i.e., a NuPOD must be at least as
wide as the capsid to permit insertion) rather than altered nup be-
haviors in channels of different widths. Therefore, how the nanopore
width regulates FG-nup morphology, dynamics, and selectivity for
large (>10 nm) cargos remains an open question.

To address this question, here, we build NuPODs with two de-
fined widths to mimic the central channels of constricted and di-
lated NPCs. As a reductionist model system, we grafted Nup62, a
major constituent (along with Nup58 and Nup54) of the central
transport channel, and Nup153, an FG-nup at the nuclear basket
with known affinity for HBV (30), to the interior of DNA origami
nanopores to mimic their stoichiometry and localization in the human
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NPC (2, 31). Transmission electron microscopy (TEM) and high-
speed atomic force microscopy (HS-AFM) reveal drastically differ-
ent FG-nup morphology and dynamics in NuPODs that differ by
~20 nm in width. The cross-channel nup meshwork and the central
plug-like Nup62/importin-f1 complexes are unique to the narrow-
er NuPOD; the absence of these features in the wider NuPOD sug-
gests a less stringent barrier. Corroborating these findings, the
passage of HBV capsids (~30 nm in diameter) through the narrower
Nup62-Nup153 NuPOD necessitates importin-p1, an NTR known
to bind both nups (32) and the HBV core (19, 33), whereas the cap-
sids can readily cross the wider pore housing the same nups without
importin-p1. The reductionist NuPOD system thus provides com-
pelling evidence supporting a potential regulatory role for central
channel width in modulating the NPC’s permeability to large-size
objects, suggesting that geometrical (e.g., pore diameter) and bio-
chemical (e.g., NTR concentration) properties codetermine the
barrier-transport activities of the NPC.

RESULTS

Two NuPODs mimic NPC central channels of different widths
To model variations in NPC diameter, we designed two DNA ori-
gami nanopores that differ chiefly in width (60 nm versus 79 nm;
Fig. 1, A and B). Both nanopores are 33-nm-deep dimers, have an
octagonal cross section, and display single-stranded DNA (ssDNA)
extensions (handles) on the interior for attaching nups. Accounting
for the lengths of DNA handles (typically 21 bases or ~7 nm), the
nup anchoring points on the opposite faces of the channel are theo-
retically 46 and 65 nm apart in the two design variants, approximat-
ing the diameters of a constricted and dilated NPC central channel,

respectively. A typical DNA nanopore carries 32 handles distributed
symmetrically in the middle of the channel for anchoring Nup62
and another 32 handles near one end for Nup153, closely mimick-
ing these FG-nups’ stoichiometry and respective residence in the
central channel and nuclear basket of a native NPC (2, 31). The two
sets of handles have orthogonal sequences, and their length, copy
number, and location can be easily redesigned. We name NuPODs
based on width and nup composition, for example, “60-nm Nup62
NuPOD?” (designed nup copy number = 32 unless otherwise speci-
fied). We further designed frustum-like DNA baskets (Fig. 1, C and
D) that can heterodimerize with one another and dock onto one
end of the nanopores via shape-complementary interfaces (Fig. 1,
E and F, and fig. S1). Besides providing a visual marker for the
“nucleoplasm-facing” end of the NuPODs where Nup153 is at-
tached, the narrow opening of the basket precludes the entry of
objects exceeding 30 nm in diameter, paving the way for a TEM-
based HBV penetration assay.

We adapted our established workflow for assembling NuPODs
(29). All DNA origami components (monomeric nanopores, and
baskets) folded with good yield and expected geometry, as con-
firmed by agarose gel electrophoresis and negative-stain TEM (Fig.
1, C and D, and fig. S2). Oligomerizing selected monomeric struc-
tures yielded open-ended (Fig. 1, A and B) or capped nanopores
(Fig. 1, E and E and fig. S2). The purified nanopores display inward
facing handles that guide the subsequent nup attachment. We re-
combinantly expressed human Nup62"™ (full length, amino acid 1 to
522) and Nup153CTD (C-terminal domain, amino acid 896 to 1485)
as maltose-binding protein (MBP; for solubility and stability) and
SNAP-tag (for DNA conjugation) fusion proteins (fig. S3). Both
nups conjugated efficiently with O°-benzylguanine (BG)-labeled

Fig. 1. DNA origami nanostructures used to build NuPODs. (A) A 60-nm-wide channel built by homodimerizing DNA nanopores with shape-complementary docking
interfaces (blue and red). (B) A 79-nm-wide channel built by homodimerizing DNA nanopores with shape-complementary interfaces. (C) Small DNA basket with a docking
interface (blue) compatible with the 60-nm channel. (D) Large DNA basket with a top docking interface (blue) compatible with the 79-nm channel and a bottom interface
(red) compatible with the small basket. (E) A 60-nm channel capped by the small basket on one end. (F) A 79-nm channel capped by the two baskets on one end. For each
panel, a cartoon model (DNA double helices are represented by rods) is shown next to representative TEM images. The experiment was repeated three times (technical

replicates) with similar folding results. Scale bars, 100 nm.
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DNA oligonucleotides complementary to the handles (termed anti-
handles; Fig. 2A and fig. S3). Adding the purified nup-anti-handle
conjugates to DNA nanopores bearing cognate handles generated
NuPODs with designated channel widths and nup configurations.
As the expected result of nup attachment, all NuPODs migrated
slower than the corresponding empty nanopores during electropho-
resis in agarose gels (fig. S3). Using rate-zone ultracentrifugation to
remove unbound nups and Western blots to determine the amount

of nanopore-attached nups, we estimated an average of ~31 copies
of Nup62 in a NuPOD, closely matching the designed number
(32 copies) of Nup62 anchor points (fig. S4).

NuPOD width modulates FG-nup morphology

To probe the collective morphology of nanopore-confined FG-nups,
we imaged NuPODs housing Nup62 under negative-stain TEM
(Fig. 2 and fig. S5). Nup62 is one of the most abundant FG-nups in
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Fig. 2. Morphology of Nup62 inside DNA origami nanopores of different widths. (A) Schematic diagrams showing the process of attaching nups inside DNA nano-
pores to form NuPODs. h, hours. (B) Empty 60-nm DNA channel. (C) Empty 79-nm DNA channel. (D) A 60-nm NuPOD with 32 copies of Nup62 grafted on 21-nt handles.
(E) A 79-nm NuPOD with 32 copies of Nup62 grafted on 21-nt handles. (F) A 79-nm NuPOD with 80 copies of Nup62 grafted on 21-nt handles. (G) A 79-nm NuPOD with
32 copies of Nup62 grafted on 51-nt handles. (H) A 79-nm NuPOD with 32 copies of Nup62 grafted on 38-nt handles. For (B) to (H), (left) schematics showing an interior
face (top; nup-grafting handle positions denoted by black dots) and the top view (bottom; handle/anti-handle pairs shown as double helices) of a DNA channel; (middle)
class average negative-stain TEM image (top) and intensity profile across the center of the DNA channel (red line); (right) representative TEM images of the DNA channel.
Allimages are 120 by 120 nm?
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the central channel of the human NPC where it plays an essential
role in nuclear transport. Both 60- and 79-nm NuPODs were as-
sembled without baskets to allow unobstructed view of the nups.
Empty nanopores showed a minimal signal in their lumens (Fig. 2,
B and C). Anchoring up to 32 copies of Nup62 in the 60-nm nano-
pore gave rise to strong protein signals (amorphous light-colored
bodies against a dark background) near the center of the nanopore
(Fig. 2D), suggesting that the Nup62 bridged the channel to occlude
the nanopore. Such a cross-channel meshwork is missing from the
79-nm NuPOD bearing 32 copies of Nup62, where one to two off-
center clusters formed along the channel rim (Fig. 2E). To test if the
different morphology is due to a lower nup density, which could
change the conformations of the intrinsically disordered domain of
Nup62 from brush-like to mushroom-like, or because the polypep-
tide chains of Nup62 are not long enough to reach across the wider
channel, we performed two sets of control experiments. We first
built a 79-nm NuPOD with a maximum of 80 Nup62 proteins with
higher grafting density (1/41 nm™?) than the 60-nm 32xNup62 Nu-
POD (1/62 nm™?). The elevated nup density only increased the
number of clusters near the rim (three to four) but did not reconsti-
tute the pore-filling meshwork (Fig. 2F). Notably, averaged micro-
graphs revealed a ~20-nm-wide void in the center, suggesting that
very few Nup62 molecules could reach this area. Second, we used
longer handles (51 bases, compared to 21 bases in typical NuPODs)
to project Nup62 further inside the lumen of the 79-nm NuPODs.
The additional ~10-nm linker length appeared to help Nup62 con-
gregate in the center (Fig. 2G), whereas Nup62 anchored via a
medium-length linker (38 bp) still predominantly formed local
clusters (Fig. 2H). The FG domains of Nspl (amino acid 2 to 603),
the yeast ortholog of Nup62, showed similar width-dependent mor-
phologies in NuPODs as Nup62, albeit with a generally more diffuse
appearance, perhaps because Nspl has weaker cohesiveness com-
pared to Nup62 as suggested by our previous findings (29) (fig. S6).
Therefore, we propose that the movement and interactions of nups
anchored inside an NPC-like nanopore, hence their abilities to form
effective pore-occluding protein bodies, are limited by nup length
and the channel width as defined by the nup anchoring points.

NuPOD width modulates the dynamics of the
Nup62/importin-f§1 complex

HS-AFM studies on NPCs and NPC mimics have revealed protein
dynamics in the central channel on the timescale of nuclear trans-
port events (i.e., milliseconds), which were interpreted as the hall-
mark of a functional barrier transporter (34-36). We therefore
imaged NuPODs by HS-AFM to understand how the pore diameter
modulates nup dynamics (Fig. 3). In keeping with our previous
studies, we removed MBP tags from NuPODs by tobacco etch virus
(TEV) protease to better resolve the FG domains (25, 34, 36). HS-
AFM images and cross-sectional height profiles that were quantified
from kymographs derived from rapid HS-AFM line scans (~1.9 ms
per line) showed height increases in the lumen of 60-nm Nup62
NuPODs compared with empty nanopores and further topographic
elevation upon the addition of increasing concentrations (1 to 1000 nM)
of importin-B1, confirming that the nanopore-confined Nup62
retained their native affinity to the NTR (Fig. 3, A to C and E, and
fig. S7). Adding 100 nM importin-p1 to the 60-nm Nup62 NuPODs
formed a dense yet mobile structure resembling the “central plug” in
the NPC patrolling the entire nanopore (Fig. 3, C and D, and movie
S1) (36). While still dynamic and capable of importin-p1 binding,
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Nup62 in the 79-nm NuPODs behaved very differently (Fig. 3, F to
J). The movement of Nup62/importin-p1 complexes was largely pe-
ripheral inside the 79-nm channels (Fig. 3, H and I, and movie S2),
leaving a large portion of the nanopore seemingly empty most of the
time. These findings are in qualitative agreement with our TEM
studies and reinforce the role of channel width in regulating the col-
lective nup behaviors.

NuPOD width modulates Nup62 barrier permeability
against HBV capsids

The absence of a central plug-like feature that dynamically occludes
the 79-nm NuPODs suggests that the FG-nup barriers in the wider
NuPODs may be less stringent (i.e., leakier) than their narrower
counterparts. We therefore wanted to compare the permeability of
60- and 79-nm-wide NuPODs against HBV capsids. In cells, the
binding of HBV capsids with importins and Nup153, a nucleoplasm-
facing FG-nup, have been proposed to mediate the translocation of
the virus core through the NPC (37, 38). We assembled HBV cap-
sids in vitro from HBV core protein (HBc) expressed in cultured
mammalian cells, generating near-spherical protein shells devoid of
viral genome with an average diameter of ~31.0 + 1.7 nm (fig. S8).
Using an ultracentrifugation-based co-migration assay (see Materi-
als and Methods), we confirmed that Nup153“™, but not Nup62'™,
strongly binds HBV capsids (fig. S9). Consistent with these results,
HBV capsids entered basket-bearing Nup153 NuPODs efficiently
regardless of the pore diameter, with ~90% NuPODs occupied by
least one capsid (Fig. 4, A, B, and E), while the Nup62 NuPODs
showed negligible capsid binding (fig. S8). Moreover, HBV capsids
were largely excluded from 60-nm Nup62-Nup153 NuPODs (~3%
occupancy), suggesting that the Nup62 layer effectively blocked the
Nup153-capsid interaction (Fig. 4C). This is in stark contrast to the
79-nm Nup62-Nup153 NuPOD, whose capsid binding (~84% oc-
cupancy) was on par with the Nup153 only NuPODs (Fig. 4, D and
E). From the side views of these HBV-occupied NuPODs, we found
a distribution of capsid penetration depths centering around the ex-
pected location of the Nup153 anchors (fig. S10), reflecting Nup153-
HBV binding and the extended conformation of Nup153. Because
capsids must first encounter with Nup62 to engage Nup153 in the
dual-nup NuPODs (the Nup153 end is capped), the increased cap-
sid binding indicates higher permeability of the Nup62 barrier,
supporting our hypothesis that wider channels lead to leakier FG-
nup barriers that permit the passage of otherwise inadmissible
large objects.

Importin-p1 mediates deep penetration of HBV capsids

into NuPODs

In native NPCs, NTRs are an integral part of the selective barrier
and are responsible for the transport of cellular and foreign car-
gos. Having established that 60-nm Nup62 NuPODs interact with
importin-f1 to form central plug-like structures, we asked if such
morphology translates to NPC-like selectivity. We continued to use
the HBV capsid as a model cargo. Although nuclear import of ma-
ture HBV cores requires both importin-o and importin-f (39),
empty HBV capsids bind directly to importin-f1 (33), thereby sim-
plifying our setup (fig. S9). Importin-f1 substantially increased
the binding between 60-nm Nup62 NuPODs and HBV capsids
(Fig. 5, A and D, left). Preincubating Nup153 NuPODs with 100 nM
importin-P1 resulted in a partial loss of the NuPOD’s affinity to cap-
sids (Fig. 5, B and D, middle). This is expected, considering that
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Fig. 3. Protein dynamics inside Nup62 NuPODs of different widths. (A) Empty 60-nm DNA channel. (B) A 60-nm Nup62 NuPOD. (C) A 60-nm Nup62 NuPOD with
100 nM importin-p1 (impp). In (A) to (C), (top row) representative AFM images, scale bars, 20 nm; (middle row) representative kymographs derived from HS-AFM line scans
(1.875 ms per line), with movement tracking of the central plug-like cluster overlaid (black line) for the 100 nM impp condition. (D) Histogram summarizing the positions
of the central plug-like cluster in the 60-nm Nup62 NuPOD with 100 nM impp. (E) Height profiles of empty nanopores and NuPODs with different concentrations of
importin-p1. Solid curves and shadows represent the means and SDs of the line scan height profiles, respectively. Number of nanopores measured: 6 (empty pore),

10 (NuPOD), 7 (NuPOD+10 nM impp), 8
measured: 12 (empty pore), 7 (NuPOD), 6
hybridization with anti-handles).

both importin-pf1 and HBV capsids compete for the Nup153 FG do-
main binding (30). In the presence of importin-f1, about two-thirds
of 60-nm Nup62-Nup153 NuPODs were occupied by capsids, a
nearly 20-fold increase compared to the importin-free condition
(Fig. 5, C and D, right). There appeared to be three populations of
capsids in these dual-nup NuPODs, with the first two groups around
the Nup62 and Nup153 layer, respectively, and the third group near
the bottom of the DNA basket (fig. S10). Because importin-p1 is
known to collapse Nup153 to its anchoring point (6), we interpret
the deep penetration events (i.e., the third group) as the result of

Feng et al., Sci. Adv. 10, eadq8773 (2024) 13 November 2024

(NuPOD+100 nM impp), and 8 (NuPOD+1 pM impp). (F to J) Same as (A) to (E), except for the 79-nm pores. Number of nanopores
(NuPOD+10 nM impp), 12 (NuPOD+100 nM imp), and 11 (NuPOD+1 pM impp). DNA handles are 21-nt long (~7 nm upon

capsids being released from Nup153, consistent with the reduced
HBYV binding of Nup153 NuPODs caused by importin-p1. In con-
trast to the capsids assembled from the wild-type (WT) HBc, simi-
larly sized capsids formed by HBc with a truncated C terminus (fig.
$8), which bind to Nup153 but not importins (fig. S9) (30), largely
failed to enter the 60-nm Nup62-Nup153 NuPODs with or without
importin-p1 (fig. S11). Thus, HBV capsids penetrate the Nup62 layer
in the 60-nm NuPODs in an importin-p1-dependent manner, dem-
onstrating that these NuPODs not only form passive diffusion bar-
riers but also support selective, NTR-mediated transport.
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DISCUSSION

Regulation of nucleocytoplasmic transport has been attributed to
biochemical determinants, such as the charge and hydrophobicity of
FG-nups (40-42), NTR-nup association (10, 11, 32), and the Ran-
GTP (guanosine triphosphate) cycle (43). Intrigued by the hetero-
geneous nuclear pore diameters observed in cells (12-14) and the
increased nuclear import of a transcription factor caused by stretch-
ing nuclei (44), we asked how the width of the central transport
channel, a geometrical attribute of the NPC, may regulate the be-
havior of resident FG-nups. In this study, we showed distinct Nup62
morphologies and dynamics in DNA nanopores of different widths,
which we correlated to their contrasting permeability to HBV cap-
sids. We found that increasing the channel width can limit the cross-
channel FG-nup interactions, hinder the formation of a dynamic
central cluster in the presence of importin-f1, and leave the channel
less guarded (Fig. 6). The pore-spanning FG-nup meshwork could
not be rescued by increasing the Nup62 grafting density in the wider
nanopore but was restored by extending the Nup62-anchoring DNA
handles, confirming that the pore diameter is a fundamental deter-
minant of cross-channel FG-nup interactions. The width-dependent
morphology is shared by Nspl and Nup62 despite their different
tendency to self-interact, suggesting that nuclear pore dilation-
induced barrier permeabilization may be universal, although the
exact behavior of the other FG-nups and their subcomplexes war-
rant further study.

The NuPOD penetrating behaviors of HBV capsids are consis-
tent with the previously established roles of Nup153 and importin-f
in mediating the HBV nuclear import (37, 38). However, organizing
FG-nups in the DNA nanopores revealed emerging properties not
readily observable by canonical in vitro assays. For example, al-
though free Nup62 showed moderate affinity toward HBV capsids,
the Nup62 NuPODs almost always failed to capture capsids with-
out the help of importin-pf1. Combined with the Nup62 clustering
in NuPODs, this indicates that the cohesive interactions among
nanopore-confined Nup62 molecules altered their binding capabili-
ties with virus capsids, consistent with their HIV-binding behaviors
in our prior work (29). HBV capsids, which require importin-p1
to breach the Nup62 barrier in the 60-nm nanopore, went through

Overdilated NPC

« Peripheral nup/NTR distribution
» Weakened diffusion barrier

NPC at homeostasis

» Dynamic cross-pore nup/NTR assembly
« Intact selective barrier

O Inert macromolecules| §®
NTR-binding cargos
NTR e

2 Nucleoporins ®

© Central plug e

Fig. 6. Proposed model of diameter-modulated NPC selectivity. (Left) Cells
maintain a range of nuclear pore sizes, under which a dynamic central plug consist-
ing of nups and NTRs define the selectivity of nucleocytoplasmic transport. (Right)
When nuclear pores dilate beyond the homeostatic range, the central channel of
the NPC contains less gatekeeping molecules (nups and NTRs), leading to a weaker
barrier that allows nonselective transport events.
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the Nup62-decorated 79-nm nanopores independently of impor-
tin, suggesting that nuclear pore dilation, in addition to NTRs,
may aid the nuclear import of the virus and possibly other large
objects (Fig. 6).

Although our current penetration assay only captures the equi-
librium state (typically after 15 min; see fig. S12 for a time-course
study) of the capsid-NuPOD interaction, the TEM study still pro-
vides a glimpse of the dynamicity of the nuclear transport process.
In the absence of importin-f1, interactions between NuPODs and
HBYV capsids were binary: Nearly the entire NuPOD population was
either occupied by or devoid of HBV capsids (Fig. 4), reflecting the
FG-nups’ barrier formation and HBV binding activities. Introduc-
ing importin-p1 gave rise to a range of NuPOD occupancy by cap-
sids (Fig. 5), suggesting that the importin-associated cargos are
translocated across the NuPODs with comparable on and off rates.
These observations further support the role of NTRs in creating a
fluid yet selective barrier, in which the transient nup-NTR interac-
tions mediate the cargo transport (10, 32, 36, 45).

Powered by DNA nanotechnology (46, 47), the NuPOD platform
has enabled the reconstitution of precisely engineered NPC mimics
that form selective barriers against macromolecules (25, 27, 29, 48),
affording the opportunity to dissect the sophisticated nuclear trans-
port machinery in a reduced-complexity system. This work not only
expands our toolbox by introducing more structural components
(e.g., wider nanopore and baskets) but also demonstrates the value
of NuPODs for the mechanistic study of nuclear import. The NuPODs
complement other synthetic nuclear pore mimics, most notably the
nup-functionalized solid-state nanopores (23, 24, 28, 40), by allow-
ing the precise placement of multiple FG-nup types and high-
resolution study of the FG-nup-filled channel by TEM and AFM. In
the future, coupling NuPODs to solid-support nanopores (49, 50) or
incorporating them into lipid bilayers (48, 51, 52) would enable the
reconstitution of energy-dependent active transport and the mea-
surement of molecular transport rates. Such setups would help de-
termine the impact of transport channel geometry on the kinetics of
passive and active transport.

The 60-nm NuPODs formed a dynamic central plug-like Nup62/
importin-f1 assembly and permitted importin-p1-dependent HBV
capsid insertion, thus faithfully reproducing key structural and
functional aspects of the natural NPC (36, 53, 54). However, as with
any biomimetic system, one needs to be cognizant of differences be-
tween DNA origami-based NPC mimics and proteinaceous NPCs.
For example, NuPODs used in this study consist of only 1 or 2 FG-
nup species of more than 10 types of FG-nups in human NPCs.
Consequently, the overall FG repeat concentration in the DNA
channel is lower than in the nuclear pore despite the realistic stoichi-
ometry and grafting density of each nup species. The DNA handles
are likely different in size and flexibility compared to the protein
linkers that attach FG-nups to the NPC scaffold. Therefore, while we
expect the channel width-permeability relationship to qualitatively
hold true in cells, some quantitative measurements of the NuPODs,
such as the exact pore diameter and capsid occupancy, may not per-
fectly match biological parameters. Building more realistic NPC
mimics containing additional FG-nup species would unveil their
individual and synergistic behaviors in modulating transport and
remains an important objective. Another difference between a Nu-
POD and the NPC arises from the negatively charged DNA channel.
However, varying the sodium ion concentration (4 to 400 mM)
did not noticeably change NuPOD occupancy by HBV capsids
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(fig. S13), suggesting that the electrostatic property of the DNA
nanopore had a minor effect on the capsid-NuPOD interaction. In
future studies, cationic block copolymers can be used to further mit-
igate electrostatic interactions with DNA when necessary (55, 56).
Last, mechanical forces are thought to affect nucleocytoplasmic
transport by inducing nuclear pore diameter changes and, in turn,
leading to spatially reorganized nups (12-14, 57). It would therefore
be useful to build flexible, mechanosensitive DNA nanostructures
that dynamically expand and contract to mimic the structural hetero-
geneity and alterations of the NPC. We expect these dynamic Nu-
PODs to unravel mechanistic details that may have gone unnoticed
in conventional cell-free experiments, such as the deformation/dis-
integration of virus capsids and the central channel dilation during
the nuclear transport.

MATERIALS AND METHODS

Nup expression and DNA conjugation

Genes encoding Homo sapiens Nup62™" (amino acid 1 to 522) and
Nup153CTD (amino acid 896 to 1475), both with MBP and SNAP-
tag, were cloned into a pET-28a-derived vector (Novagen). To ex-
press the nups, BL21DE3 cells (New England Biolabs) were cultured
at 37°C in a shaking incubator until the optical density at 600 nm
(ODgpo) reaches 0.5 to 1. Isopropyl-p-p-thiogalactopyranoside (1 mM)
was added to induce expression of target genes; the culture was kept
on a shaker at 20°C overnight. The bacteria cells were then pelleted
at 4500 rpm using a Beckman Coulter JS-5.0 rotor for 15 min. A cell
homogenizer (EmulsiFlex-C3, Avestin) was used to break the bacte-
ria in a lysis buffer [50 mM Tris (pH 8.0), 150 mM NaCl, 0.1 mM
phenylmethylsulfonyl fluoride, and 1x Roche cOmplete protease in-
hibitor cocktail]. The cell lysate was then centrifuged at 38,000 rpm
using a Beckman Coulter SW 45 Ti for 30 min to remove cell debris.
The lysate containing Nup153 was then loaded to a 5-ml HisTrap
column (Cytiva) on an AKTA system (Cytiva) and eluted using a
0 to 400 mM imidazole gradient. The lysate containing Nup62 was
loaded to 5-ml MBPTrap HP columns (Cytiva) and eluted by 10 mM
maltose. The eluted proteins were loaded to a Superdex 200 pg
16/600 column (Cytiva) to further purify target proteins by size ex-
clusion chromatography. The protein purity is confirmed by SDS-
polyacrylamide gel electrophoresis (PAGE) and Coomassie stain
(Thermo Fisher Scientific).

To prepare BG-modified oligonucleotides (anti-handles), BG-
GLA-NHS (New England Biolabs) was dissolved in dimethyl sulfoxide
for a final concentration of 20 mM. Dried 5'-amine labeled anti-
handles (Integrated DNA Technologies) were resuspended in Milli-Q
ultrapure water at the stock concentration of 2 mM. The amine-DNA
(0.33 mM) and the N-hydroxysuccinimide (NHS) ester cross-linker
(10 mM) were allowed to react in a Hepes (67 mM, pH 8.5) buffer for
30 min in room temperature (RT). The BG-DNA was purified by etha-
nol precipitation to remove unreacted cross-linkers and resuspended
in Milli-Q ultrapure water. Purified BG-DNA (10 pM) was mixed
with nups with a SNAP-tag protein (5 pM) in a 50 mM Tris (pH 8.0)
buffer and incubated at RT for 2 hours. The reaction mixture was then
loaded to a Superdex 200 pg 16/600 column (Cytiva) to purify the
anti-handle-conjugated nups from unreacted BG-DNA.

Importin-p1 preparation
Importin-f was expressed and purified according to established
protocols (58), with the addition that the importin-p1-containing
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fraction was dialyzed against the TEV protease cleavage buffer
[10 mM tris-HCI (pH 8), 100 mM NaCl, 1 mM dithiothreitol (DTT),
and 1 mM EDTA]. After the Hiss-tag cleavage by TEV protease
(expressed in our lab), importin-p1 was purified again using the Ni-
NTA column (Roche). This was followed by additional purification
using a Superdex 200 size exclusion column. The collected fraction
was validated using a 12% SDS gel and flash frozen at —80°C.

DNA origami design and preparation

DNA structures were designed using caDNAno (59). DNA nano-
pores with handles extended from the 3" end of staple strands
were shown in fig. S1. The handle sequences for attaching Nup62
and Nupl53 are 5'-CTACCATCTCTCCTAAACTCA-3" and
5'-AAATTATCTACCACAACTCAC-3’, respectively. DNA origa-
mi three-dimensional (3D) models were rendered using Maya
(Autodesk). To fold a monomeric DNA origami structure, a mixture
of the M13mp18-derived bacteriophage circular ssDNA (8064 nt,
20 nM) and staple oligonucleotides (120 nM each) in a 1x TE buf-
fer [5 mM Tris and 1 mM EDTA (pH 8.0)] with 14 mM MgCl, was
annealed using a 36-hour, 85° to 25°C protocol. The folding prod-
ucts were characterized by agarose gel electrophoresis (fig. S2).
The desired combinations of unpurified monomers were then
mixed at equimolar ratio (10 nM each) and incubated at RT with
adjusted magnesium concentrations for overnight to obtain dimers
(14 mM MgCly), trimers (14 mM MgCl,), or tetramers (24 mM
MgCl,). The oligomers (open-ended and capped nanopores) were
purified by rate-zonal centrifugation purification as previously
reported (60). Briefly, to make the glycerol gradient, two layers
of glycerol solutions (15 and 45%) containing the 1x TE buffer and
14 mM Mg** were load to a 13- by 51-mm centrifuge tube (Beck-
man Coulter). The quasi-linear glycerol gradient was built using
a gradient station (BioComp Instruments). The unpurified DNA
nanopores were loaded to the top of the gradient media and centri-
fuged at 45,000 rpm for 1.5 hours followed by fraction collection.
Fractions containing the correctly assembled nanopores (deter-
mined by agarose gel electrophoresis) were combined. Glycerol was
subsequently removed by buffer exchange to 1x TE and 15 mM
MgCl, (pH 8.0) buffer using Amicon Ultra centrifugal filters
with a nominal molecular weight limit (NMWL) of 10 kDa
(MilliporeSigma).

Assembly of NuPODs

The NuPODs were assembled from purified DNA nanopores
and nup-DNA conjugates as previously described (29). Anti-
handle-conjugated nups [50 mM Tris (pH 8.0), 300 mM NaCl,
and 0.2 mM tris(2-carboxyethyl)phosphine] were added to nano-
pores (1x TE and 15 mM MgCl,) at a 2:1 (anti-handle:handle)
ratio. For example, the mixture for assembling 60-nm Nup62
NuPODs contained a 5 nM 60-nm DNA nanopore carrying 32X
handles and 320 nM anti-handle-conjugated Nup62. The mix-
tures were incubated for 0.5 to 2 hours at 37°C. The formation of
NuPODs was validated by the retardation of NuPOD bands com-
pared with the corresponding empty nanopores in SDS-agarose
gels (fig. S3, H to J). The same protocol was used for assembling
NuPODs for the HS-AFM study with two exceptions: (i) MgCl,
was adjusted to 20 mM, and (ii) immediately before HS-AFM
analyses, MBP was cleaved from NuPODs by incubating with
TEV protease (1:50 ratio to the substrate) and DTT (1 mM) for
1.5 hours at 30°C.
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Determining the nup copy number in NuPODs
The copy number of Nup62 in NuPODs was determined using a
protocol described in (25) with the results summarized in fig. S4.

First, the Nup62 NuPODs were purified by rate-zonal centrifuga-
tion. Glycerol gradients were built in 5- by 41-mm centrifuge tubes
by sequentially layering 45, 40, 35, 30, 25, 20, and 15% glycerol solu-
tions in the 1x TE buffer containing 14 mM MgCl, (90 pl each). The
Nup62 NuPODs were loaded to the top of the glycerol gradient and
centrifuged at 45,000 rpm for 1.5 hours. After centrifugation, nine
consecutive 75-pl solution fractions were collected from top to bot-
tom; the last fraction (<75 pl) contained aggregates. All nine frac-
tions were analyzed by Western blot (see below). The first eight
fractions were loaded into separate lanes of an SDS-agarose gel
alongside the empty nanopore as a control. The amount of NuPOD
was estimated by comparing band intensities (stained by ethidium
bromide) with the control sample (empty nanopore), the concentra-
tion of which was measured by OD,¢. Fractions 6, 7, and 8, which
contained NuPODs, were combined.

Next, the purified 60-nm Nup62 NuPOD and a series of Nup62
solutions with known concentrations (16.6 to 498 nM) were loaded
into separate lanes of a 4 to 12% acrylamide gel (Thermo Fisher
Scientific). Proteins were separated by SDS-PAGE and then trans-
ferred to a nitrocellulose (Bio-Rad). Immunoblotting was per-
formed using Nup62 polyclonal antibody (Bethyl Laboratories Inc.,
A304-942A-T). Goat anti-rabbit horseradish peroxidase-conjugated
secondary antibody (Jackson ImmunoResearch, catalog no. 111-
035-003) was used for detection. Band intensities on the Western
blot were measured using Image], from which a calibration curve
of band intensity versus Nup62 concentration was generated. The
band intensity of the purified NuPOD in the Western blot was
compared to the calibration curve to determine the Nup62 con-
centration. The average Nup62 copy number was calculated as
[Nup62]/[NuPOD].

Negative-stain TEM and data analyses

TEM specimens were prepared by depositing samples onto glow
discharged Formvar/carbon-coated copper grids (Electron Micros-
copy Sciences) followed by staining with 2% (w/v) uranyl formate
solutions. After wicking away the staining solution, the air-dried
grids were imaged using a JEOL JEM-1400Plus microscope with a
bottom-mount 4k X 3k charge-coupled device camera (Advanced
Microscopy Technologies). Particles (nanopores and NuPODs) were
manually picked from TEM images (fig. S5). Class averages were
generated by RELION (61). The intensity profiles were measured
using Fiji (62).

Sample preparation for HS-AFM measurements

Supported lipid bilayers (SLBs) were prepared as previously de-
scribed (25). Dipalmitoylphosphatidylcholine (Avanti Polar Lipids)
and didodecyldimethylammonium bromide (Avanti Polar Lipids)
lipids were dissolved in chloroform and mixed in a 3:1 molar ratio.
The solvent was initially allowed to evaporate under a gentle nitro-
gen stream within a fume hood for 1 hour and then placed in a desic-
cator for at least 4 hours. Milli-Q water was added to the dry lipids to
reach a final concentration of ~1 mg/ml. The lipid suspension was then
treated in an ultrasonic bath (Elmasonic p30H, Elma Schmidbauer
GmbH) at ~65°C, using a pulse setting at 80 kHz for 15 min. The
lipid solution was then loaded into syringes of an Avanti mini-
extruder kit (Avanti Polar Lipids), maintaining a temperature of
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~65°C, and passed through a Nuclepore Track-Etched Membrane
(100 nm in pore size) that is supported by a polyester drain disc on
both sides (Global Lifesciences Solutions UK Ltd., Buckinghamshire,
United Kingdom). The process was repeated at least 20 times, result-
ing in the formation of small unilamellar vesicles (SUVs).

A 2.7-pl droplet of a vesicle buffer (1 pl of 1 M MgCl,, 1 pl of
1 M CaCly, and 16 pl of Milli-Q water) was deposited onto an HS-
AFM sample stage, which consisted of a freshly cleaved mica sheet
glued to a glass cylinder. SUVs (0.3 pl, described above) were then
added to the droplet. The sample stage was then exposed to a tem-
perature of ~65°C for 20 min inside a humid petri dish, followed
by a gradual reduction to RT over 20 min. This thermal treatment
induced vesicle rupture, leading to the formation of a positively
charged SLB. Any excess vesicles in solution were removed by rins-
ing with water, followed by exchange with a phosphate buffer with
Mg”* [10 mM sodium phosphate and 40 mM MgCl, (pH 7.0)]. This
washing step was repeated four times before introducing 3 pl of
TEV-treated NuPODs (2 nM). Free Nup62 and MBP in solution
were removed by gently washing the stage with the 1x TE buffer and
40 mM MgCl, and buffer exchange with the PB-Mg buffer before
HS-AFM imaging.

After depositing the NuPODs on the lipid bilayer, importin-f1
was added to the sample in the imaging buffer at specified concen-
trations (10 nM, 100 nM, or 1 pM) and incubated for 30 min prior
to the measurements.

HS-AFM measurements on NuPODs

HS-AFM measurements and data processing were performed as de-
scribed elsewhere (36). The acquisition of all HS-AFM data was
conducted using the HS-AFM 1.0 system (RIBM, Japan). The sys-
tem used a standard scanner operating in tapping mode. Through-
out the experiments, pristine QUANTUM-AC10-SuperSharp and
QUANTUM-ACI10-SuperSharp Enhanced cantilevers (nanotools
GmbH) were used, featuring a tip radius of <2 nm, a nominal spring
constant of 0.1 N/m, a resonant frequency of ~0.5 MHz, and a qual-
ity factor of around 2 in water. The typical set point amplitude (Ase)
was maintained at 80 to 90% of the free cantilever oscillation ampli-
tude (Afree), set within the range of 2 to 3 nm (63, 64).

HS-AFM line scanning measurements on NuPODs

In HS-AFM line scanning (HS-AFM-LS), the slow-scan axis was de-
activated, and solely the fast-scan axis was engaged (65). A NuPOD
was first imaged and centered within a region of interest prior to
commencing line scanning. This ensures that the NuPOD’s center is
scanned repetitively, generating a kymograph as a function of the
distance from the pore center. Line scans were captured over 80 pix-
els in the fast-scan axis at a rate of 1.875 ms per line.

HS-AFM data processing

All 2D images acquired through HS-AFM were drift corrected using
the in-house Python-based software, which concurrently trans-
formed the files into TIFF format (35, 36). Subsequent analysis of
HS-AFM images was done using Image] along with custom analysis
routines written in Python. Various image processing tasks, such as
filtering, contrast adjustment, and height/diameter measurements,
were also performed using Image]. Initially, all HS-AFM images un-
derwent correction for xy tilting through the application of a flatten-
ing filter using a first-order polynomial plane. Following this, the
heights of the HS-AFM images were normalized in relation to the
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scaffold by subtracting the average scaffold height. Zoomed-in
HS-AFM images were treated using a 2D Gaussian filter with a
1-pixel SD.

HS-AFM-LS data were processed using custom analysis routines
written in Python as follows. Full kymographs were spliced into
600-ms segments. Corrections for drift in the z axis and tilt in the
fast-scan axis were applied, and the heights were adjusted relative to
the NuPOD scaffold, provided that the top surface of the scaffold
was discernible within the same kymograph. Furthermore, a fast
Fourier transform filter was applied to eliminate periodic noise at
frequencies of 50 and 150 Hz, with root mean square amplitudes of
~0.09 and 0.08 nm, respectively. Given their negligible size, these
amplitudes had no discernible impact on the dynamic analysis of
HS-AFM-LS. The height values obtained from kymographs were av-
eraged along the time axis at corresponding radii and then overlaid
over the average profile of the scaffold (Fig. 3, E and J).

Particle tracking and positional distribution

A custom Python routine tracked the displacement of the central
plug-like feature in HS-AFM kymographs on a line-by-line basis
along the fast-scan (x) axis (36). Initially, a low-pass filter was ap-
plied to the kymographs along this axis to enhance the signal-to-
noise ratio. Detection was specifically limited to the central region,
excluding the NuPOD scaffold. If displacement of the central
plug-like cluster was detected within a line, then the algorithm
selected the position of the highest local maximum; otherwise,
the line was skipped. Trajectories from all lines containing the
cluster were then compiled into a histogram to display the distri-
bution of the cluster relative to the center of a NuPOD (refer-
enced in Fig. 3, D and I).

In vitro assembly of HBV capsids of mammalian cell origin
Expi293F cells (part of the Expi293 expression system kit, Thermo
Fisher Scientific, A14635) were transfected with WT HBc cloned in
the pcDNA3.4 mammalian vector (Thermo Fisher Scientific). After
culturing at 37°C for 72 hours, the cells were harvested. The cell
pellet was resuspended in a lysis buffer [50 mM tris-HCI (pH 8.5),
150 mM NaCl, 1% NP-40, and protease inhibitors] and chilled at
4°C for ~1 hour. In cases of incomplete lysis, cells were manually
disrupted using a Dounce homogenizer until complete lysis was ob-
served under a light microscope.

The cell lysate was then centrifuged at 17,000¢ for 45 min at
4°C. The supernatant was collected and loaded onto a 20 to 60%
glycerol gradient [20 mM Tris (pH 8.0) and 150 mM NacCl]. This
gradient was centrifuged at 4°C for ~5 hours at 153,700g in an SW
32 Tirotor. After spinning for 5 hours, the entire gradient was frac-
tionated into 1.5-ml aliquots, which were analyzed using 4 to 12%
SDS-PAGE. After buffer exchange to remove glycerol, the fractions
with the most abundant full-length HBc were imaged by negative-
stain TEM. On the basis of TEM analysis, the fractions containing
the most intact HBV capsids were concentrated and stored at
—80°C before being used for binding and penetration assays. The
absorption (220 to 350 nm, with 1-nm increment) spectrum of the
capsids was measured using a NanoDrop spectrometer (Thermo
Fisher Scientific).

In vitro assembly of HBV capsids of bacterial origin
Plasmids encoding HBc (W'T or AC) were transfected to BL21(DE3)
cells and expressed as described in Nup purification and DNA
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conjugation. After lysing the bacteria in a buffer [50 mM Tris (pH 8)
and 300 mM NacCl], bacterial debris were removed by centrifuga-
tion at 12,000g for 1 hour. HBc proteins were pelleted from the
supernatant by adding 30% of (NH4),SO4 and centrifuging for
1 hour at 12,000g. The pellets were resuspended in 50 mM tris-
HCI (pH 8.0) before being dialyzed overnight against a buffer
[50 mM Tris (pH 8)]. After centrifugation at 12,000¢ for 1 hour to
remove aggregates, the dialyzed sample was loaded to a HiPrep Q
FF 16/10 anion-exchange chromatography column (Cytiva) and
the flow through from the column, which contained HBc, was
collected. The flow through was subjected to rate-zonal centrifu-
gation at 30,000 rpm (SW 32 Ti rotor) and 4°C for 3 hours in
a 20 to 60% glycerol gradient [20 mM Tris (pH 8.0) and 150 mM
NaCl]. Fractions collected from the gradient were analyzed by
SDS-PAGE. Fractions containing HBc¢ of the expected molecu-
lar weight were collected and concentrated by Amicon Ultra
centrifugal filters with an NMWL of 100 kDa. The fractions with
the most abundant HBc were imaged by negative-stain TEM to
screen for intact HBV capsids. The capsids were stored at —80°C
before being used for binding and penetration assays. The ab-
sorption (220 to 350 nm, with 1-nm increment) spectra of the
capsids were measured using a NanoDrop spectrometer (Thermo
Fisher Scientific).

HBV penetration assay

Purified HBVs (50 pg/ml HBc) and NuPODs (5 nM) were mixed
to achieve an ~1:1 capsid:NuPOD molar ratio and incubated at RT
for 15 min. To test the effect of NTRs on HBV-NuPOD interac-
tions, NuPODs were preincubated with 100 nM importin-p1 for
15 min before the addition of HBV capsids. The mixtures were then
imaged by negative-stain TEM. Electron micrographs were ana-
lyzed by Image] to determine the HBV occupancy (number of
HBV-bound NuPODs/total number of NuPODs) and penetration
depth (defined as the distance from the NuPOD entrance to the
center of the capsid). Practically, the penetration depth was calcu-
lated by subtracting the average radius of the HBV capsids (15 nm)
from the distance measured from the NuPOD entrance to the
bottom of the HBVs. All NuPOD-bound capsids were measured
as long as the capsid center passed the entrance of the NuPOD.
The penetration depth data were plotted as normalized his-
tograms and fitted by multiple normal distributions using MATLAB
(MathWorks).

Co-migration-based binding assays

WT HBV (3 pM HBc) and AC HBV (3 pM HBc) were incubated
separately with ~1 pM Nup62, Nup153, or importin-p1 at RT for
15 min. The mixtures were each loaded onto a linear glycerol gradi-
ent [15 to 45%, in 1X TE (pH 8) and 15 mM MgCl,] and spun for
90 min at 48,000 rpm using an SW 55 Ti rotor. The collected frac-
tions (12 to 13 fractions in total, 50 pl each) were characterized by 4 to
12% SDS-PAGE to determine the co-migrating proteins (fig. S9).
HBYV capsids, nups, and importin-f1 were individually subjected to
the same procedures as controls.

Data analysis and statistics

Scatterplots are presented as means + SD using the software Prism
8.0.0 (GraphPad). The two-tailed ¢ test was used to compare the di-
ameters of the WT HBV and AC HBYV, assuming normal distribu-
tion with equal variances.

100f 12



SCIENCE ADVANCES | RESEARCH ARTICLE

Supplementary Materials
The PDF file includes:

Figs.S1to S13

Legends for movies ST and S2

Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Movies ST and S2
Data S1
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